Calcium-regulated exocytosis in neuroendocrine cells and neurons is accompanied by the redistribution of phosphatidylserine (PS) to the extracellular space, leading to a disruption of plasma membrane asymmetry. How and why outward translocation of PS occurs during secretion are currently unknown. Immunogold labeling on plasma membrane sheets coupled with hierarchical clustering analysis demonstrate that PS translocation occurs at the vicinity of the secretory granule fusion sites. We found that altering the function of the phospholipid scramblase-1 (PLSCR-1) by expressing a PLSCR-1 calcium-insensitive mutant or by using chromaffin cells from PLSCR-1 Ϫ/Ϫ mice prevents outward translocation of PS in cells stimulated for exocytosis. Remarkably, whereas transmitter release was not affected, secretory granule membrane recapture after exocytosis was impaired, indicating that PLSCR-1 is required for compensatory endocytosis but not for exocytosis. Our results provide the first evidence for a role of specific lipid reorganization and calcium-dependent PLSCR-1 activity in neuroendocrine compensatory endocytosis.
Introduction
Neurons and neuroendocrine cells secrete neurotransmitters and hormones through calcium-regulated exocytosis. The ultimate step involves fusion of secretory vesicles with the plasma membrane, leading to the release of intravesicular products into the extracellular space. To keep the cell surface constant, exocytosis must be followed by a compensatory membrane retrieval process. Yet, in neuroendocrine cells and neurons, we and others have recently demonstrated that, after full fusion exocytosis, secretory vesicle/granule components are maintained together at the plasma membrane before being selectively recaptured by endocytosis (Opazo and Rizzoli, 2010; Opazo et al., 2010; Ceridono et al., 2011) . However, the molecular machinery underlying segregation and recapture of vesicle membrane components remain unsolved issues.
The dynamics of membrane lipids are crucial for a wide variety of cellular functions. One central feature of cell membranes is the asymmetric distribution of phospholipids between the leaflets. In the plasma membrane, phosphatidylserine (PS) and phosphatidylethanolamine (PE) reside in the inner cytoplasmic leaflet whereas phosphatidylcholine and sphingomyelin are located in the outer leaflet (van Meer et al., 2008) . In nonapoptotic cells, several biological functions are accompanied by a disruption of this phospholipid asymmetry, resulting in the externalization of PS in the outer leaflet of the plasma membrane (Ikeda et al., 2006) . This is the case for calcium-regulated exocytosis in neuroendocrine chromaffin and PC12 cells as well as in neurons (Lee et al., 2000; Malacombe et al., 2006; Ceridono et al., 2011) . How and why phospholipid asymmetry collapses during secretion are currently unknown. The functional importance of lipid scrambling for secretion and efficiency of the exocytotic machinery has been investigated but led to controversial results with alternatively a critical or no function of PS exposure in exocytosis (Kato et al., 2002; Acharya et al., 2006; Smrz et al., 2008) . On the other hand, PS contributes substantially to the negative charge of the inner leaflet of the plasma membrane, and its local redistribution may have consequences, such as the formation of lipid platforms, which could retain granular membrane components awaiting retrieval or recruit signaling complexes involved in endocytosis (Manno et al., 2002; Yeung et al., 2008) .
The aim of the present work was to investigate the functional importance of PS egress to the cell surface during regulated exocytosis and compensatory endocytosis. By ultrastrutural analysis on primary chromaffin cell membrane sheets, we show that PS exit occurs in domains at the frontier between the exocytotic granule membrane patch and the plasma membrane. In chromaffin cells expressing mutant phospholipid scramblase-1 (PLSCR-1) or in cells isolated from PLSCR-1 knock-out mouse, we found that outward transport of PS was abrogated during secretagogue-evoked exocytosis. Release of secretory products was normal in PLSCR-1-deficient cells but preventing PS egress severely inhibited compensatory endocytosis of secretory granule membrane components. This is the first evidence for an essential role of membrane lipid reorganization in the early endocytotic phases of regulated neuroendocrine secretion.
Materials and Methods

DNA constructs, animals, and cell culture
The N-terminally GFP-tagged mouse scramblase1 (PLSCR-1) was previously described (Zhao et al., 1998b) . GFP-PLSCR-1 D284A was generated by site-directed mutagenesis using the QuikChange mutagenesis kit (Agilent Technologies).
Chromaffin and PC12 cells were cultured as described previously Momboisse et al., 2009) . Mammalian expression vectors (3 g) were introduced into chromaffin cells (5 ϫ 10 6 cells, 24-well dishes) by Amaxa Nucleofactor Systems (Lonza) according to the manufacturer's instructions. Experiments were performed 48 h after transfection. PLSCR-1 ϩ/Ϫ mice were purchased from CDTA (Cryopréservation, Distribution, Typage et Archivage animal), housed and raised at Chronobiotron UMS 3415. All mice were bred, handled, and maintained in agreement with European council directive 86/609/EEC and resulting French regulations. Mouse chromaffin cells were prepared from 8-to 12-week-old animals of either sex. The protocol was adapted from embryonic mouse cell culture method (Schonn et al., 2010) . Adrenal glands were dissected and cleaned in filtered Locke's solution. The glands were gently opened with tweezers, and medulla was freed from fat and cortex under microscope before digestion in 1 ml of papain solution (25 U/ml papain in DMEM supplemented with 0.2 mg/ml L-cystein, 1 mM CaCl 2 , 0.5 mM EDTA, 0.067 mM ␤-mercaptoethanol, equilibrated in 5%CO 2 /95% O 2 ) for 30 min at 37°C. The papain activity was inactivated for 5 min by addition of 500 l of DMEM supplemented with 10% heat-inactivated FCS, 2.5 mg/ml albumin, 2.5 mg/ml trypsin inhibitor (Sigma). The solution was carefully removed and replaced by 600 l of complete culture medium (DMEM, containing 0.2% primocin, Amaxa Systems, Lonza; and 1% ITSX, Invitrogen). Medulla were washed twice with complete medium and gently triturated to get a cell suspension in 500 l of complete culture medium. Cells are seeded on collagen-coated coverslips and maintained at 37°C, 5% CO 2 for 24 or 48 h before experiments.
RT-PCR
Total RNA from bovine chromaffin cells culture was prepared using the GenElute Mammalian total RNA miniprep kit (Sigma). RNA (2 g) was transcribed into cDNA using oligo(dT)12-18 and SuperScriptII Reverse Transcriptase (Invitrogen). A total of 1 l of the cDNA was used for amplification of the PLSCR-1 transcripts by PCR using TaqDNA polymerase (Sigma) and specific primers: forward, 5Ј-GATAATATGGGCCG AGAAGTCAT-3Ј; and reverse, 5Ј-GCCGAGCATCACAGCTTTCAT-3Ј. PCR reactions were run for 35 cycles and PCR product (390 base pairs) was analyzed on agarose gel. A control for absence of genomic contamination was performed in parallel without RT.
Antibodies, immunofluorescence, confocal microscopy, and image analysis
Monoclonal anti-TH antibodies were purchased from Millipore, and polyclonal anti-Syntaxin1 was from Santa Cruz Biotechnology. The polyclonal anti-dopamine-␤-hydroxylase (DBH) and anti-PLSCR-1 4720 antibodies were as described previously (Sun et al., 2001; Ceridono et al., 2011) . AlexaFluor-labeled secondary antibodies were obtained from Invitrogen. For immunocytochemistry, chromaffin cells grown on fibronectin-coated glass coverslips were fixed and immunostained as described previously (Kreft et al., 1999) and observed with a confocal microscope (SP5, Leica Microsystems) using a 63ϫ objective (NA 1.40, Leica Microsystems).
For annexin-A5 binding, chromaffin cells were washed two times in Locke's solution (140 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 11 mM glucose, and 15 mM HEPES, pH 7.2) and then incubated for 10 min at 37°C in the presence of AlexaFluor-568-conjugated annexin-A5 (Invitrogen) in Locke's solution (resting) or in elevated K ϩ solution (Locke's solution containing 59 mM KCl and 85 mM NaCl; stimulated). Cells were then fixed, and annexin-A5 staining was analyzed by confocal microscopy (SP5, Leica Microsystems). Images analyses were performed using ImageJ freeware (http://rsbweb.nih.gov/ij/).
DBH internalization assays and Euclidean distance map analysis
Anti-DBH antibody internalization assay with bovine chromaffin cells was performed as described previously (Ceridono et al., 2011) . Briefly, chromaffin cells were washed twice in Locke's solution and then incubated for 10 min at 37°C in Locke's solution (resting) or stimulated with elevated K ϩ solution. Cells were then placed on ice, washed once in Locke's solution, and incubated for 30 min at 4°C in the presence of polyclonal anti-DBH antibodies (1/1000). Cells were then washed rapidly with Locke's solution and fixed (stimulated/exocytosis) or further incubated at 37°C for 15 min (chase/endocytosis) before fixation. Cells were then processed for immunofluorescence. For the first time, this DBH internalization assay was adapted for chromaffin cells cultured from mice: cells were rapidly washed and maintained under resting conditions or stimulated for 10 min at 37°C in Locke K ϩ solution in the presence of anti-DBH antibodies. Cells were then washed with Locke's solution and fixed (stimulated/exocytosis) or further incubated at 37°C for 15 min (chase/ endocytosis) before fixation and immunofluorescence experiments.
As previously described, the distribution of DBH-containing granules was analyzed by Euclidean distance map (Ceridono et al., 2011) . Briefly, confocal pictures were segmented using ImageJ to isolate DBH-positive vesicles and to generate corresponding region of interest. Cell periphery was outlined using plasma membrane marker staining and cell area transformed into Euclidean distance map where each pixel has a value of the minimum Euclidean distance from the cell periphery. Relative vesicles position was determined according to mean gray intensity measured in each region of interest once transposed on Euclidean distance map. Vesicles were considered internalized when mean gray value was Ͼ20 for bovine chromaffin cells and 10 for mice chromaffin cells. 
Amperometry
Bovine chromaffin cells were transfected with plasmid coding for either EGFP alone, GFP-tagged PLSCR-1, or GFP-tagged PLSCR-1 D284A . At 48 h later, cells were washed with Locke's solution and processed for catecholamine release measurements by amperometry. Carbon-fiber electrode of 5 m diameter (ALA Scientific) was held at a potential of ϩ650 mV compared with the reference electrode (Ag/AgCl) and approached closely to the transfected cells. Catecholamine's secretion was induced by 10 s pressure ejection of 100 mM K ϩ solution from a micropipette positioned at ϳ10 m from the cell and recorded during 100 s. Amperometric recordings were performed with an AMU130 (Radiometer Analytical) amplifier, sampled at 5 kHz, and digitally low-passed filtered at 1 kHz. Analysis of amperometric recordings was done as previously described (Mosharov and Sulzer, 2005 ) with a macro (obtained from Dr. R. Borges laboratory; http://webpages.ull.es/ users/rborges/) written for Igor software (Wavemetrics), allowing automatic spike detection and extraction of spike parameters. The number of amperometric spikes was counted as the total number of spikes with an amplitude Ͼ5 pA within 100 s.
GH release from PC12 cells
PC12 cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions (24-well dishes, 1 ϫ 10 5 cells, 0.4 g of each plasmid /well). GH release experiments were performed 48 h after transfection. PC12 cells were washed four times with Locke's solution and then incubated for 10 min in Locke's solution (basal release) or stimulated with an elevated K ϩ solution. The supernatant was collected and the cells were harvested by scraping in PBS. The amounts of GH secreted into the medium and retained in the cells were measured using an ELISA (Roche Diagnostics). GH secretion is expressed as a percentage of total GH present in the cells before stimulation.
Lipid analysis by chromatography and mass spectrometry
Lipids from wild-type and knock-out mice adrenal medulla were extracted as previously described (Bligh and Dyer, 1959) . Lipid samples were then suspended in 200 l of a mixture containing methanol and dichloromethane (1:2 v/v) and analyzed on an ultra performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) at MS/MS mode.
For cholesterol, the analyses were performed on a Waters Quattro Premier XE (Waters) equipped with an atmospheric pressure photon ionization source and coupled to an Acquity UPLC system (Waters). Chromatographic separation was achieved using an Acquity UPLC BEH C 8 column (100 ϫ 2.1 mm, 1.7 m; Waters), coupled to an Acquity UPLC BEH C 8 precolumn (2.1 ϫ 5 mm, 1.7 m; Waters). The mobile phases selected were 75% methanol/in water with 0.01% formic acid (solvent A) and 99.99% isopropanol with 0.01% formic acid (solvent B). A linear gradient was applied for a total run time of 48 min. The MRM transitions used for cholesterol were as follow: 369.5 Ͼ 161. Data acquisition and analysis were performed with the MassLynx software (version 5.1). For the phospholipids (PS and PE), the analyses were performed on a Waters Quattro Premier XE (Waters) equipped with an electrospray ionization. Chromatographic separation was achieved as described above for cholesterol analysis. The two mobile phases were water with 1% 1 M NH 4 Ac, 0.1% acetic acid (buffer A), and acetonitrile: isopropanol (7:3,UPLC grade Sigma) containing 1% 1 M NH 4 Ac, 0.1% acetic acid (buffer B). A linear gradient was applied for a total run time of 25 min. The mass spectra were acquired using the selected ion recording MS mode to determine parent mass transition. The cone voltage was set to 25 V. Standard PS and PE have been analyzed by LC-MS as previously described (Houjou et al., 2005; Bang et al., 2007) .
Transferrin and dextran uptake in chromaffin cells
Mouse chromaffin cells were serum-starved for 1 h at 37°C and subsequently incubated for 30 min at 37°C in DMEM containing 100 g/ml AlexaFluor-555-conjugated transferrin (Invitrogen). After serum starvation, fluid-phase uptake was monitored by adding 3 kDa TRITCconjugated dextran (Sigma) in DMEM containing 10% FCS. Cells were then washed, fixed, and processed for immunofluorescence. Fluorescence intensity was measured and normalized to cell surface area determined by phase-contrast image.
Scanning electron microscopy of plasma membrane sheets and mathematical analysis of clusters distribution
Cytoplasmic face-up membrane sheets were prepared and processed as previously described (Umbrecht-Jenck et al., 2010) . Briefly, carboncoated Formvar films nickel electron microscopy grids were inverted onto resting or K ϩ -stimulated chromaffin cells incubated with DBH antibodies and streptavidin-conjugated annexin-A5. Cells were fixed in 2% paraformaldehyde in PBS for 10 min. After blocking in PBS with 1% BSA and 1% acetylated BSA, the immunolabelings were performed and revealed with 10 nm gold particle-conjugated secondary antibodies and 6 nm particle-conjugated biotin (Aurion). To prepare membrane sheets, a pressure was applied to the grids for 20 s and the grids were lifted, leaving fragments of the upper cell surface adherent to the grid. These membrane portions were fixed in 2% glutaraldehyde in PBS, postfixed with 1% OsO4, dehydrated in a graded ethanol series, treated with hexamethyldisilazane (Sigma), air-dried, and examined using a Hitachi 7500 transmission electron microscope. In the absence of stimulation (resting conditions), no gold particles were detected.
For clustering analysis, gold particles were picked up using ImageJ and particles coordinates analyzed using hierarchical clustering and dendograms developed under Matlab (Espinoza et al., 2012) . Briefly, the biological data consist of M Ͼ 0 particles, which will be modeled as points in the Cartesian plane: p j ϭ (x j , y j ), 1 Յ j Յ M. Clustering is defined in terms of two functions: the distance function and the linkage function. The distance function computes the distance between points and the linkage function computes the distance between clusters. Clustering results often vary based on the choice of these functions. The distance between points is defined as follows:
which is the Euclidean distance. The clusters depend on the choice of a clustering distance d Ն 0. Then, if two points satisfy j,k Յ d, they are in the same cluster. Next, let A and B be two clusters containing points a ␣ and b ␤ , then the distance between two clusters is defined as follows:
which is known as single-linkage merge criterion (Espinoza et al., 2012) . If (A,B) Յ d, then A and B are combined into a single cluster. Average size of secretory granules in chromaffin cells ranges from 200 to 350 nm. Therefore, a granule membrane that has flattened into the plasma membrane after exocytosis is expected to display an average diameter ranging from 400 to 700 nm (Ceridono et al., 2011) . Thus, for DBH cluster analysis, we fixed d at 400 nm and considered clusters with a minimum of 4 particles per cluster. By doing so, the maximum distance between single DBH particles in a cluster will not exceed 700 nm. For annexin-A5 clusters, we used the intrinsic clustering distance (dI), which characterized the distance between points and the nanoscale structure of any clustering in the data (Espinoza et al., 2012) . dI corresponds to the distances that produce the maximum number of clusters in the biological data, eliminating the need to choose a distance. For annexin-A5 clusters, dI has been calculated for each image and ranges from 32 to 160 nm. Distance distribution was calculated and compared with distances obtained from 10 iterations of randomly distributed centroids corresponding to the number of DBH and annexin-A5 clusters found in each picture. When multiple annexin-A5 and DBH centroids were present, only the shortest distance between centroids was kept for analysis.
Transmission electron microscopy of wild-type and PLSCR-1 ؊/؊ chromaffin cells in situ
Wild-type (n ϭ 2) and PLSCR-1 Ϫ/Ϫ (n ϭ 2) mice were anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (5 mg/kg) and transcardiacally perfused with 0.1 M phosphate buffer, pH 7.3, containing 2% paraformaldehyde and 2.5% glutaraldehyde. The 2-mm-thick slices were cut from the adrenal glands and postfixed in 1% glutaraldehyde in phosphate buffer overnight at 4°C. The slices were then immersed for 1 h in OsO 4 0.5% in phosphate buffer. The 1 mm 3 blocks were cut in the adrenal medulla, dehydrated, and processed classically for embedding in Araldite and ultramicrotomy. Ultrathin sections were counterstained with uranyl acetate and examined with a Hitachi 7500 transmission electron microscope. Secretory granules were counted in 60 chromaffin cells with a visible nucleus randomly selected in ultrathin sections from several blocks (1 section/block) from each mouse.
Data analysis
In all the figures, data are given as the mean Ϯ SEM; n represents either the number of experiments, cells, or images analyzed from at least three independent experiments performed on different cell cultures. Data were analyzed with Minitab statistical software. Statistical significance has been established using ANOVA test, and data were considered significantly different when p Ͻ 0.05. Gaussian distribution and variance equality of the data were verified.
Results
Hot spots of cell surface PS appear at the periphery of exocytic sites in chromaffin cells
We previously reported that secretagogue-evoked stimulation of chromaffin cells triggers the appearance of PS at the cell surface, presumably at the granule fusion sites as estimated at the confocal microscopy resolution (Ceridono et al., 2011) . To specify the localization of the PS exit sites versus granule membranes transiently inserted into the plasma membrane, we prepared plasma membrane sheets from bovine chromaffin cells stimulated with a depolarizing concentration of K ϩ in the presence of anti-DBH antibodies to reveal exocytotic granule Figure 1 . Clusters of PS surround DBH at exocytic sites. A, Plasma membrane sheets were prepared from bovine chromaffin cells stimulated by 59 mM K ϩ for 10 min. To label DBH and PS exposed at the surface of cells undergoing exocytosis, anti-DBH antibody and annexin-A5 coupled to biotin were added during stimulation. Membrane sheets were labeled with anti-rabbit antibodies coupled to 10 nm gold particles to detect DBH antibodies revealing exocytotic sites and streptavidin coupled to 6 nm gold particles to label annexin-A5 revealing PS. Then membrane sheets were performed. Close-up pictures are shown,andredarrowspointto6nmgoldparticles.B,HopkinsstatisticalanalysisofDBH(10nm)andannexin-A5/PS(6nm)distributioncomparedwitharandomdistribution(redline).C,Hierarchicalclustering analysis of annexin-A5/PS and DBH clusters. Green circles represent 10 nm gold particles (DBH), and red circles represent 6 nm gold particles (annexin-A5/PS). DBH and annexin-A5 clusters are delineated by convexhulls(dϭ400nmforDBHand56nmforannexin-A5clusters).D,DistributionofdistancesmeasuredbetweencentroidsofDBHandannexin-A5clustersasdeterminedbyhierarchicalclustering.Clusters ofannexin-A5foundinsideanti-DBHclusterswereconsideredcolocalizedandexcludedfromthegraph.ShortestdistancesbetweenDBHandannexin-A5centroidclustersfromexperimentaldataweremeasured andcomparedwithdistancesbetweencentroidsrandomlypositionedinpictures.Distributionofdistancesfromexperimentaldataareshiftedtowardshortestdistancescomparedwithrandomcalculationwith 72% of centroid distances Ͻ300 nm compared with 33% for random data. This indicates that a large proportion of annexin-A5/PS clusters are in the close vicinity of DBH clusters (n ϭ 32 cells).
membrane and biotinylated annexin-A5 to detect external PS. Membranes were then incubated with anti-rabbit antibodies coupled to 10 nm gold to reveal DBH/anti-DBH complexes and streptavidin coupled to 6 nm gold to reveal annexin-A5/PS complex. Ultrastructural images obtained by transmission electron microscopy showed that annexin-A5 tends to localize close to the DBH particles (Fig. 1A) . The Hopkins statistic test (Zhang et al., 2006) was used to establish whether annexin-A5/PS was clustered or randomly distributed. As illustrated in Figure 1B , both DBH and annexin-A5 distribution were significantly shifted to the right of the curve expected for a random distribution, indicating that both staining sites were organized into clusters.
The distribution of annexin-A5/PS relative to DBH clusters was examined using a mathematical analysis of the gold particle distribution based on hierarchical clustering approach (for details, see Material and Methods) (Espinoza et al., 2012) . Fig. 1C shows convex hulls of a representative electron micrograph with DBH and annexin-A5 clusters. Most of the annexin-A5 clusters (89.4 Ϯ 6.1%) as well as the single annexin-A5 particles (85.2 Ϯ 6.4%) localized outside the DBH clusters, indicating that PS outward translocation did not occur within the exocytotic granule membrane itself. Figure 1D shows the distribution of distances between centroids of the DBH and annexin-A5 clusters. To avoid possible bias, we compared experimental data (Fig. 1D, data) with distances obtained mathematically from the same number of clusters but randomly positioned in pictures (Fig. 1D, random) . Experimental data indicated that the majority of PS cluster centroids (72%) were found at a distance below 300 nm of the DBH cluster centroids, as opposed to only 33% with random data (Fig. 1D) . The average distance separating centroids was also highly increased with random data (431 Ϯ 6 nm compared with 219 Ϯ 14 nm with experimental data). These differences between random calculation and experimental data are consistent with the idea that PS translocation occurs at specific sites in the vicinity of the granule membrane patch merged with the plasma membrane.
PLSCR-1 protein is linked to the secretagogue-induced translocation of PS at the chromaffin cell surface
In theory, the phospholipid asymmetry at the plasma membrane can be abolished by phospholipid scramblases (PLSCR). The PLSCR proteins were originally identified and cloned based on their scramblase activity measured in a reconstituted proteoliposome system (Basse et al., 1996) . PLSCR-1 has been implicated as one protein that might participate in the transbilayer redistribution of phospholipids (Sims and Wiedmer, 2001; Devaux et al., 2006) . Thus, we decided to examine whether PLSCR-1 might be expressed in chromaffin tissues and whether PLSCR-1 might be involved in PS asymmetry disruption. By RT-PCR and Western blot experiments, we detected the PLSCR-1 messenger in cultured bovine chromaffin cells and the PLSCR-1 protein in mouse adrenal glands tissue at the expected molecular weight of 36 kDa ( Fig. 2A) .
Because we could not detect endogenous PLSCR-1 by immunofluorescence with the antibodies currently available, we examined the distribution of exogenously expressed GFP-tagged PLSCR-1 in chromaffin cells labeled with plasma membrane (syntaxin-1) or secretory granules (DBH) markers (Fig. 2B) . GFP-PLSCR-1 was mostly detected in cell periphery and to lesser extent in endomembranes. PLSCR-1 was largely found colocalized with syntaxin-1 but not with DBH, indicating that PLSCR-1 was most likely associated with the plasma membrane and not with secretory granules.
To assess whether PLSCR-1 is functionally implicated in PS outward movement during exocytosis, we transfected bovine chromaffin cells with cDNAs encoding either wild-type PLSCR-1 or a calcium-insensitive PLSCR-1 D284A mutant unable to trigger PS redistribution (Zhou et al., 1998a) . Both constructs were fused to GFP. Cells were stimulated with a depolarizing K ϩ concentration, and the appearance of PS at the cell surface was detected with fluorescent annexin-A5 added to the cell incubation solution. No annexin-A5 binding was observed in nonstimulated cells, confirming the absence of PS at the outer leaflet of the plasma membrane in resting conditions (Fig. 3) . Annexin-A5 decorated K ϩ -stimulated PLSCR-1-transfected cells as efficiently as nontransfected cells, indicating that PS was translocated in response to secretagogue-evoked stimulation. In contrast, annexin-A5 staining was drastically inhibited in cells expressing the Ca 2ϩ -insensitive PLSCR-1 D284A mutant (Fig. 3) . Similar results were obtained when cells were stimulated with 10 M nicotine (data not shown). Thus, PLSCR-1 activity contributes to the cell surface exposure of PS that occurs during the exocytotic process.
Ca
2؉ -dependent PLSCR-1 activity is not required for exocytosis but for secretory granule membrane endocytosis
To investigate the potential involvement of PLSCR-1 in exocytosis, we measured catecholamine release in bovine chromaffin cells expressing PLSCR-1 or PLSCR-1 D284A using carbon fiber amperometry to monitor real-time single granule exocytosis (Mosharov and Sulzer, 2005) . Figure 4A shows representative amperometric traces recorded from chromaffin cells expressing EGFP (control), PLSCR-1, or PLSCR-1 D284A mutant. Amperometric spikes representing the release of catecholamines from one single granule were measured over a period of 100 s. We found that the number of amperometric events was similar in cells expressing EGFP, PLSCR-1, and PLSCR-1 D284A mutant (Fig.  4B) , indicating that altering PLSCR-1 activity did not affect the number of exocytotic granule fusion events. To further confirm that PLSCR-1 activity was not linked to exocytosis and protein secretion, we measured exocytotic release of growth hormone (GH) from PC12 cells expressing PLSCR-1 proteins. As illustrated in Figure 4C , neither PLSCR-1 nor PLSCR-1 D284A mutant affected the amount of GH secreted in response to high K ϩ -evoked stimulation. To probe the function of PLSCR-1-induced translocation of PS in secretory granule endocytosis, we took advantage of the anti-DBH antibody internalization assay we have recently described (Ceridono et al., 2011) . Because granule membrane fusion with the plasma membrane triggers transient accessibility of DBH (an intraluminal membrane-associated granule protein) to the extracellular space, exocytotic spots on the chromaffin cell surface can be visualized by incubating living cells with anti-DBH antibodies. Compensatory endocytosis is then measured by following the internalization of the anti-DBH antibodies bound to the cell surface after exocytosis (for details see Material and Methods) (Ceridono et al., 2011) .
We found that amounts of cell surface DBH patches that appeared upon high-potassium stimulation (Fig. 5 A, B) or nicotinic stimulation (data not shown) were similar in chromaffin cells expressing PLSCR-1 or PLSCR-1 D284A mutant, confirming that PLSCR-1 does not play a role in exocytosis. However, when chase experiments were performed, DBH internalization was reduced by ϳ50% in PLSCR-1 D284A compared with PLSCR-1-expressing cells: after 15 min, 37.9 Ϯ 2.9% of the total DBH was internalized in PLSCR-1 D284A expressing cells versus 67.4 Ϯ 3.0% in PLSCR-1-expressing cells (Fig. 5C,D) .
Together, these results suggest that calcium-induced PLSCR-1 activity and the resulting PS redistribution at the plasma membrane are not required for granule fusion and exocytosis but are critical for secretory granule membrane retrieval.
Outward translocation of PS and secretory granule compensatory endocytosis are abolished in chromaffin cells from PLSCR-1 knock-out mouse
To get further insight into the function of PLSCR-1 in chromaffin cell secretion and to circumvent possible drawbacks resulting from protein overexpression, we adapted the DBH-internalization assay to cultured mouse chromaffin cells obtained from PLSCR-1 knockout mice (PLSCR-1
Ϫ/Ϫ
). Immunoblot analysis confirmed the absence of PLSCR-1 expression in adrenal medulla tissue from PLSCR-1 Ϫ/Ϫ mouse (Fig. 6A) . Ultrastructural images revealed that the number and the distribution of large dense-core secretory granules remained unchanged in PLSCR-1-deficient chromaffin cells (Fig.  6B,C) .
We first examined PS exit upon K ϩ -evoked chromaffin cell stimulation using annexin-A5 in extracellular medium. As shown in Figure 6 D, E, annexin-A5 binding was dramatically reduced in PLSCR-1 Ϫ/Ϫ compared with WT (PLSCR-1 ϩ/ϩ ) chromaffin cells, indicating that PS exit does not occur in the absence of PLSCR-1. To rule out a possible effect of PLSCR-1 knock-out on the global lipid metabolism, we measured the total level of some selected lipids, such as PS and PE, known to be regulated by PLSCR-1 or cholesterol important for establishing exoendocytotic sites Wang et al., 2010) . Therefore, lipidomic analysis on lipid extracts obtained from WT (PLSCR-1 ϩ/ϩ ) and PLSCR-1 knock-out mice (PLSCR-1 Ϫ/Ϫ ) adrenal medulla was performed using sensitive liquid chromatography-tandem mass spectrometry (Houjou et al., 2005; Bang et al., 2007) . As shown in Figure 6F , the total amount of PS, PE, and cholesterol remains unchanged in PLSCR-1 knock-out mice adrenal medulla compared with wild-type mice, indicating that the reduction in PS delivery to the cell surface observed in secretagogue-stimulated PLSCR-1 Ϫ/Ϫ cells does not result from a reduction in total PS levels in these cells.
Next, we analyzed secretory granule exocytosis and endocytosis using the anti-DBH antibody internalization assay. Similarly to bovine chromaffin cells expressing the inactive PLSCR-1 mutant (Fig. 5) , high K ϩ -stimulated PLSCR-1 Ϫ/Ϫ cells exhibited cell surface DBH patches to a similar extent than wild-type cells (Fig.  7 A, B) , indicating that exocytosis is not impaired in the absence of PLSCR-1 activity. However, DBH chase experiments showed that compensatory endocytosis was drastically inhibited because after 15 min only 19.7 Ϯ 3.7% of the total DBH was internalized in Figure 5 . Inactive PLSCR-1 inhibits compensatory endocytosis. Bovine chromaffin cells expressing PLSCR-1 or PLSCR-1 D284A fused to GFP were stimulated for 10 min with 59 mM K ϩ and then incubatedfor30minat4°Cinthepresenceofanti-DBHantibodiesintheexternalmedium.Cellswere thenfixed(A,Stimulated)orincubatedforanadditional15minina37°CLocke'ssolutiontoallowDBH endocytosis and then fixed (C, 15 min chase). Anti-DBH antibodies were revealed with secondary antibodies coupled to Alexa-555. Representative pictures are shown. *Nontransfected cells. Scale bars, 5 m. B, Quantitative analysis of DBH-labeled patches density (n ϭ 25 cells). D, Analysis of the internalization of DBH-positive vesicles by Euclidean distance map. After 15 min chase, DBH uptake wasreducedby50%incellsexpressingthePLSCR-1 D284A mutant.***pϽ0.001,comparedwithcells expressing PLSCR-1 (n ϭ 25 cells). n.s., Not significant.
PLSCR-1
Ϫ/Ϫ cells compared with 56.8 Ϯ 2.1% in PLSCR-1 ϩ/ϩ chromaffin cells (Fig. 7C,D) . Together, these results reveal that PLSCR-1 is involved in the transbilayer redistribution of PS that accompanies secretion and plays an essential function in the pathway mediating compensatory endocytosis of the secretory granule membrane. Compensatory endocytosis is triggered subsequently to the supply of secretory granule membrane after exocytosis. On the other hand, constitutive endocytosis continuously recycles receptors at the plasma membrane, and fluid-phase endocytosis internalizes fluid from outside the cells. To probe whether PLSCR-1 might be a general player in endocytotic pathways, we measured fluorescent-transferrin (Tfn) as well as 3 kDa dextran internalization using cells cultured from PLSCR-1 ϩ/ϩ and PLSCR-1 Ϫ/Ϫ mice. Quantification of transferrin or dextran internalization in adrenal chromaffin cells (Fig. 8) or skin fibroblasts (data not shown) revealed no significant differences between PLSCR-1 ϩ/ϩ and PLSCR-1 Ϫ/Ϫ , indicating that PLSCR-1 is not involved in constitutive or fluid-phase endocytosis. In other words, PLSCR-1 seems to be specifically required for compensatory endocytosis in secretory cells.
Discussion
New evidence has recently emerged supporting the idea that vesicle/ granule membranes do not intermix with the plasma membrane after exocytotic fusion in neurons and neuroendocrine cells (Opazo and Rizzoli, 2010; Opazo et al., 2010; Ceridono et al., 2011) . Using chromaffin cells, we have previously demonstrated that various transmembrane granule proteins (e.g., dopamine-␤-hydroxylase, VMAT2, phogrin) remain clustered on the cell surface after ϩ/ϩ ) or PLSCR-1 Ϫ/Ϫ mice (B) and quantification of secretory granule density (C). No significant difference was observed (n ϭ 60). D, Confocal images of mouse chromaffin cells labeled for PS exit. Cells were stimulated with 59 mM K ϩ in the presence of fluorescent annexin-A5 and processed for tyrosine hydroxylase (TH) labeling to identify chromaffin cells. Scale bar, 5 m. E, Quantification of annexin-A5 mean intensity (left) and mean number of annexin-A5 spots per cell (right) after stimulation. 25 cells from 3 independent experiments were used. Data are given as mean intensity or mean spot number per cell Ϯ SEM. F, Quantification of total levels of cholesterol (Chol), PS, and PE in the adrenal medulla of wild-type (ϩ/ϩ) and PLSCR-1 knock-out (Ϫ/Ϫ) mice. Lipid quantification was made by comparison of phospholipid MS and cholesterol MS/MS peak area. Cholesterol was analyzed by UPLC-atmospheric pressure photon ionization ϩ -MS/MS with the following transitions: 369.5 Ͼ 161, whereas PS and PE were analyzed by UPLC-electrospray ionization-MS. The mass spectra were acquired using the selected ion recording MS mode to determine parent mass transition.
full fusion exocytosis and are subsequently internalized through a compensatory endocytosis process, leading to vesicular structures, which do not include plasma membrane proteins (Ceridono et al., 2011) . Thus, a tight coupling between calciumregulated exocytosis and compensatory endocytosis exists, but how secretory cells precisely sort granule membrane-associated proteins after fusion and full collapse and how compensatory endocytosis is triggered and regulated remain uninvestigated questions.
Signaling platforms created and maintained in cell membranes by changing the lipid composition and/or asymmetry play an essential role in many aspects of the cell physiology (Ikeda et al., 2006 (Lee et al., 2000) , and chromaffin cells (Ceridono et al., 2011) . Moreover, externalization of PS has been proposed to regulate various membrane fusion events, including myotube formation, sperm capacitation reaction, and microparticle release (Bailey and Cullis, 1994; Gadella and Harrison, 2000; van den Eijnde et al., 2001; Gonzalez et al., 2009 ). Yet, the functional importance of cell surface PS exposure for regulated exocytosis remains controversial because exocytosis has been shown to occur both dependently (Kato et al., 2002) or independently (Acharya et al., 2006) of it.
Using chromaffin cells lacking PLSCR-1 expression or expressing the calciuminsensitive PLSCR-1 D284A mutant, we show here that (1) secretagogue-evoked exocytosis is accompanied by cell surface PS exposure at the close vicinity of the granule membrane transiently inserted into the plasma membrane; (2) this secretagogueinduced PS externalization requires PLSCR-1; and (3) PLSCR-1 activity and cell surface exposure of PS play no role in exocytosis but are required for efficient granule membrane compensatory endocytosis.
Spatial segregation of PS redistribution
How can a lipid redistribution and loss of PS asymmetry be restricted to the periphery of a secretory granule membrane that just merged with the plasma membrane? Our results indicate that PS redistribution is linked to PLSCR-1 activity in chromaffin cells. However, the subcellular localization of endogenous PLSCR-1 in adrenal chromaffin cells has not been solved. Given its functional importance in secretory granule compensatory endocytosis, PLSCR-1 is expected to localize either at the plasma membrane or at the secretory granule membrane. In human epithelial cells or fibroblasts, PLSCR-1 has been localized to the plasma membrane, the endosomes, and the nucleus (Zhao et al., 1998a; Sun et al., 2002; Talukder et al, 2012) . Accordingly, our data suggest a preferential localization at the plasma membrane. First, the exogenously expressed PLSCR-1 colocalized with the plasma membrane-bound syntaxin-1 and not with the secretory granule marker, DBH (Fig. 2) . Second, by performing subcellular fractionation from BON cells culture, a human pancreatic enterochromaffin cell line (Zhang et al., 1995) , we detected the presence of endogenous PLSCR-1 in fractions enriched in plasma membrane but not in secretory granules (data not shown). Third, the spatial analysis of cell surface distribution of PS in stimulated chromaffin cells demonstrated that PS exit occurs preferentially at the vicinity but outside the DBH-containing granule membrane fused with the plasma membrane (Fig. 1) . If PLSCR-1 is a plasma membrane bound protein, why is it activated only at the proximity of granule fusion sites leading to a patchy externalization of PS? The calcium dependence of PLSCR-1 may contribute to the spatial dis- Ϫ/Ϫ mouse chromaffin cells. A, Quantification of exocytosis sites using anti-DBH antibodies. Cells were stimulated for 10 min with 59 mM K ϩ in the presence of anti-DBH antibodies, fixed, and processed for anti-DBH staining. Scale bar, 5 m. B, Mean number of DBH fluorescent spots per cells were determined and normalized to cell surface. n.s., Not significant compared with PLSCR-1 ϩ/ϩ (n ϭ 25 cells). C, Representative confocal images of mouse chromaffin cells subjected to anti-DBH internalization assay. Cells were stimulated with 59 mM K ϩ for 10 min in the presence of anti-DBH antibodies and maintained for an additional 15 min period in Locke's solution without antibodies to allow DBH/anti-DBH uptake. Cells were fixed, permeabilized, and processed for anti-DBH detection using secondary antibody coupled to Alexa-555 and for tyrosine hydroxylase (TH) staining to identify chromaffin cells. Scale bar, 5 m. D, Euclidean distance map analysis of anti-DBH positive vesicles. ***p Ͻ 0.001, compared with PLSCR-1 ϩ/ϩ (n ϭ 25 cells).
tribution of its activity. Indeed, PLSCR-1 requires Ca 2ϩ for activation, with an apparent affinity of ϳ10 M (Stout et al., 1998), and activation may therefore occur only at short distances of the exocytotic hot spots where calcium levels can reach 5-10 M in stimulated chromaffin cells (Klingauf and Neher, 1997; Becherer et al., 2003) . Alternatively, we cannot exclude that activation of plasma membrane bound PLSCR-1 may require a granule-associated component, and thus restricting its activation to the sites where granules fuse with the plasma membrane.
Scrambling or not scrambling?
PLSCR-1 was originally proposed to mediate rapid bidirectional transbilayer movement of phospholipids across the membrane in a Ca 2ϩ -dependent manner and thereby collapse phospholipid asymmetry (Basse et al., 1996; Devaux et al., 2006) . However, the lipid scrambling activity of PLSCR-1 remains highly controversial. Evidence against a PLSCR-1 phospholipid scrambling activity is the surface PS exposure observed upon activation of platelets from PLSCR-1 Ϫ/Ϫ knock-out mice (Zhou et al., 2002 ). Yet, compensatory mechanism resulting from expression of other PLSCR family proteins or the recently discovered scramblase TMEM16F cannot be excluded (Suzuki et al., 2010) . Conversely, red blood cells from a patient with Scott syndrome display defective scrambling but show no abnormalities in any of the PLSCR genes or proteins (Zhou et al., 1998b) . Although its scramblase activity per se is questioned, our data clearly indicate that PLSCR-1 is required for the secretagogue-induced PS reorganization at the vicinity of the exocytotic sites in the neuroendocrine chromaffin cells. In our experimental conditions, the lack of PLSCR-1 cannot be bypassed by other PLSCR isoforms or the Ca 2ϩ -dependent scramblase TMEM16F (Suzuki et al., 2010) . Thus, PLSCR-1 might be implicated in a signaling pathway leading to a specific PS redistribution, or it might induce during the secretory granule fusion event a general lipidic reorganization reflected by the cell surface exposure of PS. Interestingly, in systematic mapping of protein-protein interaction of the human proteome, PLSCR-1 has been found to interact with the inositol hexakisphosphate kinase 2 (IP6K2) (Rual et al., 2005) . IP6Ks generate highly phosphorylated inositol polyphosphate (referred to as IP7 and IP8). IP6K1, but not IP6K2, modulates exocytotic activity of ␤-pancreatic cells. Whether it might be involved in compensatory endocytosis has not been investigated (Illies et al., 2007) . In any case, the exact nature and the underlying mechanism of the lipid remodelling induced by PLSCR-1 at the interphase between secretory granule and plasma membrane are challenging questions that remain to be investigated.
PS distribution and compensatory endocytosis
We show here for the first time that secretagogue-induced PS exposure is a key step for recycling secretory granule membrane after exocytosis. In secreting chromaffin cells lacking PLSCR-1 activity or expressing the calcium-insensitive PLSCR-1 D284A , PS externalization is blocked, unchanging the exocytotic response but inhibiting the subsequent compensatory endocytosis. It seems intriguing that the calcium-insensitive PLSCR-1 D284A mutant behaves as a dominant-negative mutant. A possible explanation is that PLSCR proteins form dimers (Rual et al., 2005) , as observed for several proteins containing EF-Hand domains (Yap et al., 1999) . By interacting with endogenous PLSCR-1, the PLSCR-1 D284A mutant might prevent proper calcium activation of PLSCR-1. Interestingly, PLSCR-1 is specifically involved in compensatory endocytosis in neuroendocrine cells because constitutive endocytotic pathways, such as receptor-mediated endocytosis of transferrin or fluid-phase uptake, are not affected in PLSCR-1 Ϫ/Ϫ mice. Does PLSCR-1 play a role in synaptic vesicle endocytosis in neurons? The question is worth exploring because several Ca 2ϩ -dependent scramblase proteins, including PLSCR-1 and TMEM16F, have been detected in neurons (Rami et al., 2003; Acharya et al., 2006; Gritli-Linde et al., 2009 ) and transbilayer phospholipid redistribution has been associated with neurotransmitter release (Lee et al., 2000) .
How may cell surface PS control compensatory endocytosis? As previously discussed, externalization of PS may either reflect the loss of PS asymmetry and/or reveal a profound lipid reorganization or recomposition to create a microdomain. Hence, in red blood cells, loss of phospholipid asymmetry can modify membrane mechanical stability (Manno et al., 2002) . Moreover, formation of lipid raft microdomain is necessary for the structural and spatial organization of the exocytotic machinery, including SNARE complex assembly Salaun et al., 2005; Puri and Roche, 2006) . Therefore, a possible scenario is that a local reorganization of lipids surrounding the granule membrane transiently inserted within the plasma mem- brane might serve as a signal to retain granule components and preserve the integrity of the granule membrane for compensatory endocytosis in neuroendocrine cells.
Alternatively, as an anionic phospholipid, PS confers negative charges, and its redistribution may contribute to the recruitment of proteins required for compensatory endocytosis by changing the membrane surface charge (Elliott et al., 2005; Yeung et al., 2008; Das et al., 2012) . For example, modification in PS distribution has been shown to be critical for the recruitment of the tyrosine-kinase c-Src during phagosome maturation as well as for the membrane targeting of Rho GTPases members during cell polarity establishment (Fairn et al., 2011; Das et al., 2012) . Moreover, PS has been shown to directly bind various proteins involved in exocytosis of large dense-core granules, such as annexin-A2, rabphilin, DOC 2, or synaptotagmin (Stace and Ktistakis, 2006) . Thus, the local decrease in PS concentration at the inner leaflet of the plasma membrane could represent a signal to switch from exocytosis to endocytosis, by permitting the release of exocytotic components and the recruitment of molecules and specific adaptors dedicated to endocytosis. In line with this idea, despite no changes in total levels of endocytotic proteins, such as clathrin, dynamin-2, or ␤-adaptin in cells lacking PLSCR-1 (data not shown), our preliminary observations suggest that clathrin recruitment to the granule membrane transiently inserted into the plasma membrane, which is required for compensatory endocytosis (Ceridono et al., 2011) , is reduced. This observation merits further investigations to determine the specific relationship between PS translocation and the recruitment of compensatory endocytotic machinery.
In conclusion, activation of secretion in neuroendocrine cells triggers a PLSCR-1-dependent outward translocation of PS around the exocytotic granule membrane. Although this lipid reorganization does not regulate the exocytotic process per se, we show here for the first time that it appears as an essential step for compensatory endocytosis. Resolving the mechanistic details of this lipid reorganization and its downstream molecular cascades to selectively retrieve secretory granule membranes in neuroendocrine cells is the next challenging question.
